In-plane optical spectra of Yi x Ca ;c Ba2Cu307_5: Overdoping and disorder effect on 

residual conductivity 
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We measured the temperature dependence of the in-plane polarized reflectivity spectra of twin- 
free Yi_ :E Caa;Ba2Cu307_a single crystals with different Ca-concentrations (x = 0,0.11 and 0.16) 
from optimally doped to heavily overdoped region. Low energy optical conductivity spectra showed 
a Drude-like residual conductivity at temperatures far below the superconducting transition tem- 
perature, which indicates the presence of unpaired-normal carriers in the superconducting state. 
Comparing the spectra at a fixed Ca-content or at a fixed doping level, we have revealed that the 
carrier overdoping increases unpaired carriers in addition to those induced by the Ca-disorder. We 
also found the superconducting behavior of the one-dimensional CuO chains for the Ca-free samples. 

PACS numbers: 74.25.Gz, 74.72.-h 
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INTRODUCTION 

The overdoped regime of cuprate superconductors has 
not been intensively investigated, compared to the well 
studied pseudogap phase in the underdoped regime [l|, 
although many unresolved problems remain in the for- 
mer. One of the reasons for this situation is that it 
is believed that in the overdoped regime, the system is 
approaching a conventional Fermi liquid state and thus 
nothing peculiar happens. The other is a technical rea- 
son that only limited materials such as Tl-based cuprates 
can achieve the overdoped state. 

Among some anomalies in the overdoped regime, we 
focus here on the low energy optical response. When the 
system goes into the superconducting state with d-wave 
symmetry, the optical conductivity is suppressed below 
the gap energy (2A) and gradually decreases towards 
zero at u = 0. However, in many cuprates, a substan- 
tial amount of conductivity remains finite at fku <C 2A, 
forming a Drude-like spectrum even at T « 0. This 
residual conductivity suggests the presence of unpaired 
normal carriers in the superconducting state. Impurity 
pair-breaking could be one of the sources for this resid- 
ual conductivity, since Zn-doped cuprates exhibit a sim- 
ilar low frequency response [2j. The problem is that this 
anomaly can be observed even in impurity-free samples 
Q. Its origin is unknown. 

The increase of the residual conductivity with carrier 
overdoping was first reported in the c-axis spectra of 
YBa 2 Cu 3 7 -5 (Y-123) [111 and Y 1 _ x Ca x Ba 2 Cu 3 07-5 
(Y/Ca-123) 6], followed by the study of the in-plane 
spectra of Tl 2 Ba 2 Cu06+<5 Q. It seems to be related to 
overdoping, but not conclusive because disorder-induced 
pair-breaking cannot be ignored in most cases. For ex- 
ample, Ca-substitution for Y in YBa 2 Cu 3 07_5 lowers 
the maximum T c value presumably because it introduces 
disorders into the Cu02-planes, while it also introduces 
carrier-holes into the system. Therefore, we need to dis- 
tinguish the effects of carrier-overdoping and Ca-disorder 



in order to discuss the origin of residual conductivity. 

So far, there have been few studies for the in- 
plane optical spectra of overdoped cuprates except 
for Tl 2 Ba 2 Cu0 6+ 5 (T12201) and Bi 2 Sr 2 CaCu 2 8+5 
(Bi2212)0, 0. In the present work, we prepared de- 
twinned single crystals of Yi_ a; Ca :I ;Ba 2 Cu307_5 for vari- 
ous Ca- and oxygen-contents. In order to separate the 
effects of overdoping and Ca-disorder, we studied the 
spectral change with Ca-content by fixing the doping 
level, as well as the change with doping by fixing the 
Ca-content. These comparisons have revealed that over- 
doping definitely increases the unpaired carriers. While 
Ca-substitution also enhances residual conductivity, its 
effect is weaker than the Zn-substitution effect. 

Moreover, for highly oxygenated Y-123, we observed a 
clear conductivity suppression due to the superconduct- 
ing gap opening in the Cu-0 chain spectra. It seems that 
the decrease of oxygen deficiency leads to high conductiv- 
ity in the chains and thus to a superconducting response. 



EXPERIMENTS AND SAMPLE 
CHARACTERIZATION 

Yi_ a; Ca a ;Ba 2 Cu307-5 single crystals (for x = 0, 0.11 
and 0.16) were grown by using a pulling technique ex- 
plained elsewhere [9]. As-grown crystals were cut into 
pieces with a&-plane surfaces that were not smaller than 
4x4 mm 2 . Then the pieces were detwinned under uni- 
axial pressure (~ 8 kg/mm 2 ^. For reflectivity measure- 
ments, the sample surfaces were mechanically polished 
by using Al 2 03 powder gradually as fine as 0.3 /mi. To 
obtain optimally doped crystals, samples were annealed 
at 500 and 575 °C for x — and x — 0.11, respectively, 
in an oxygen atmosphere for about 1 month. For the 
overdoped region, all samples were annealed at 350 °C 
under oxygen flow for about 2 months. The supercon- 
ducting transition temperatures were determined by the 
dc susceptibility measurements as follows: 93.5 and 87 
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FIG. 1. The polarized in-plane reflectivity spectra in the op- 
timally doped samples with (a) x — and (b) x = 0.11. 

K for x — and x = 0.11, respectively, in the optimally 
doped regime, while in the overdoped region, T c values 
decreased down to 90 K for x = 0, 75 K for x — 0.11, and 
70 K for x — 0.16. The doping levels (p) were determined 
from T c , assuming the empirical formula between p and 
T c [13 . DC resistivity was measured by a standard four 
probe method. 

The temperature dependent reflectivity measurements 
were performed with a Bruker 80v Fourier transform in- 
frared (FTIR) spectrometer from ~ 70 to ~ 20000 cm -1 
with E//a and E//b polarizations at various tempera- 
tures from ~ 10 to ~ 300 K. The sample and the reference 
mirror (Au for far-infrared and middle infrared regions, 
Ag for near infrared and visible regions) were placed 
into a He-flow cryostat. Their spectra were compared 
successively at each measured temperature by checking 
their positions with a He-Ne laser. The optical con- 
ductivity spectra were obtained from the measured re- 
flectivity spectra by using the Kramers-Kronig (K-K) 
transformation with the Hagen- Rubens extrapolation in 
the low-energy region. For the analysis, we used room- 
temperature reflectivity spectra in the higher-energy re- 
gion up to 40 eV, which were measured with the use of 
synchrotron radiation at UV-SOR, Institute for Molecu- 
lar Science (Okazaki). We also used cj~ 4 extrapolation 
above 40 eV. 

Figures [fla) and (b) show the in-plane polarized re- 
flectivity spectra of the optimally doped crystals with 
x = and 0.11 in a wide frequency range. The 10 K 
spectra are also given for Ejja to demonstrate that the 
appreciable temperature dependence is observed only in 
the low energy region. A clear a- b anisotropy can be 
seen both samples, which guarantees that our dctwinning 
treatment was successful. The 6-axis reflectivity edge 
for the Ca-substituted sample is located at lower energy 
compared to the Ca-free sample. This shift can be ex- 
plained by the decrease of the carrier concentration in the 
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FIG. 2. Room temperature a-axis optical conductivity from 
p = 0.16 to p = 0.22. Solid symbols indicate the dc value for 
each sample. 

chains, because in order to keep a constant doping level, 
we reduced the oxygen concentration in the chains for 
the Ca-substituted samples [1 1| . The estimated 5- values 
were 0.12 for x = and 0.257 for x — 0.11, respectively. 

RESULTS 

Overdoping effect on a-axis residual conductivity 

In the overdoped region, the samples with x = 0, 0.11, 
and 0.16 have been studied. The doping levels (p) were 
determined as 0.18, 0.2, and 0.22 for these samples, re- 
spectively. Figure [2] shows the comparison of the a-axis 
o\{uj) spectra at room temperature, together with the 
optimal doping spectrum for x — 0. The increase of the 
optical conductivity demonstrates a successful increase in 
carrier concentration. For the Ca-substituted samples, 
a peak-like structure evolves in the low-energy region 
(<~ 300 cm -1 ) in the normal state, which becomes more 
pronounced with increasing Ca-concentration. With de- 
creasing temperature, this peak structure merges into the 
Drudc-like conductivity. This feature is not only depen- 
dent of the Ca-content but also of the oxygen content. 
The origin of this Ca-induced peak is unknown at the 
moment. 

With increasing carrier-doping, the characteristics of 
the optical spectra change dramatically. Figure [3] shows 
the reflectivity [(a)- (d)] and conductivity [(e)- (h)] spec- 
tra of the optimally doped sample with x — and three 
overdoped samples with x = 0, 0.11, and 0.16, respec- 
tively. The conductivity spectra were calculated from 
the reflectivity spectra through the Kramers-Kronig (K- 
K) transformation. The low frequency conductivity can 
be smoothly connected to the dc values determined by dc 
resistivity measurement, which confirms the reliability of 
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FIG. 3. Temperature dependent a-axis reflectivity spectra 
(left panels) of optimally doped sample with (a) x = and 
three overdoped samples with (b) x = 0, (c) x = 0.11, and (d) 
x = 0.16. Right panels show the corresponding optical con- 
ductivity spectra, (e) for (a), (f) for (b), (g) for (c), and (h) 
for (d), respectively. Solid symbols show the dc conductivity 
values at 300 K. 



some absorption within the superconducting gap. 

In the conductivity spectra, for the Ca-free sample, the 
di-suppression at low frequencies associated with the su- 
perconducting condensation can be seen while the sup- 
pression weakens in the overdoped sample [Fig. |3jf)]. 
With further increasing p (p = 0.2 and 0.22), a clear 
superconducting gap could not be observed, except for 
a small suppression of the conductivity, which indicates 
possible gapless superconductivity in this state. In this 
overdoped region, cri(w) shows a distinct Drude-like in- 
crease toward lu = 0. The Drude-like peak for p = 0.22 
is broader than that for p — 0.2, which indicates the in- 
crease of the residual conductivity with doping, namely, 
the increase of the unpaired normal carriers. The cal- 
culated spectral weig hts (SW = Co a(w)du) of the 
residual part at 10 K are 4.31 x 10 6 SI -1 ™" 2 , 8.01 x 
10 6 rrW- 2 , 19.92 x 10 6 ft^cm" 2 , and 30.15 x 10 6 
Sl _1 cm" 2 for samples in Figs. EJe), (f), (g), and (h), 
respectively. 

The strong increase of residual conductivity in Fig. [3] 
seems to be the effect of carrier-overdoping. However, it 
is not obvious whether this is only due to overdoping or if 
the disorder introduced by Ca-substitution contributes. 
To extract the overdoping effect solely, we compare the 
spectra of optimally doped and overdoped samples with 
the same Ca-content. Figures SJa) and (b) show the 
normal state (100 K) and superconducting state (10 K) 
a i (uj) in the optimally doped and in the overdoped region 
for x = and 0.11, respectively. For both Ca-contents, 
the missing area is reduced with carrier overdoping. For 
the Ca-free sample, the residual conductivity at the low- 
est temperature (10 K) is enhanced in the overdoped 
sample, compared to that of the optimally doped sample. 
For x = 0.11, this increase is more pronounced. As a re- 
sult, the suppression due to superconducting transition is 
almost erased by the Drude-like increase of the conduc- 
tivity. Since we can observe a similar increase of resid- 
ual conductivity for two sets of samples with different 
Ca-content, it is concluded that the carrier-overdoping 
intrinsically enhances the residual conductivity. 



our K-K transformation. The spectra for the optimally 
doped sample with x = are almost identical to the data 
published so far 

0,0, El- The major change with tem- 
perature occurs in the low energy region, as can be seen 
in Fig. [TJ In the normal state, the reflectivity increases 
with lowering frequency, as expected in a metallic system. 
In the superconducting state, a well known step-like be- 
havior 14Ul6|] is seen below 1000 cm -1 . 

This behavior is clearly seen in the optimally doped 
sample while it weakens with overdoping and is almost 
suppressed for the heavily overdoped sample. Moreover, 
the reflectivity below 200 cm -1 at 10 K becomes lower 
with increasing p and x, which implies an increase of 



Ca-substitution effect at the optimum doping 

Since we work with the Ca-substituted samples, it is 
necessary to examine whether the Ca-disorder effect ex- 
ists. Figure [5] is a comparison of the spectra of Ca-free 
and Ca-substituted samples with the same doping level 
(p = 0.16). In Figs. Eta) and (b) we found that the step- 
like feature in the reflectivity spectrum is getting weaker 
with Ca-substitution. The reflectivity below ~ 400 cm -1 
is slightly lower for the Ca-substituted sample, which in- 
dicates some absorption due to normal carriers. 

Figures Etc) and (d) are the corresponding optical con- 
ductivity spectra. Since the doping levels are the same 
(p = 0.16) in both samples, the differences can be at- 
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FIG. 4. Comparisons of a-axis optical conductivity in the 
normal state (100 K) and the superconducting state (10 K) 
for YBa 2 Cu 3 07-i with (a) x = and (b) x = 0.11. In both 
panels, the spectra of the optimally doped sample (p = 0.16) 
and the overdoped sample (p = 0.18 or p — 0.2) are compared. 



tributed solely to the Ca-substitution effects. A notice- 
able change with Ca-substitution is seen in the super- 
conducting state, while there is no substantial differ- 
ence between the normal state spectra for x = and 
0.11. The suppression of the conductivity due to the 
superconducting condensation becomes weaker and the 
missing area decreases with Ca-substitution. Therefore, 
we conclude that the increase of residual conductivity 
and the decrease in the missing area are also caused by 
Ca-substitution, not only overdoping. Here it should 
be noted that the normal state spectra for the opti- 
mally doped samples do not appreciably change with Ca- 
substitution, which is consistent with the dc conductivity 
behavior. 



6-axis spectra and the superconducting chain 
behavior 



So far, we have focused on the a-axis spectra which give 
information about the two-dimensional Cu02 planes. 
Next, we discuss the 6-axis polarized spectra. &-axis 
measurements are also important for the Y-123 system 
to extract the chain contribution. Figures EJa) and (d) 
show the low-frequency 6-axis reflectivity spectra for the 
optimally doped and overdoped YBa2Cu307_5, respec- 
tively, while Figs. IH^b) and (e) are the corresponding op- 
tical conductivity. The metallic behavior in the normal 
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FIG. 5. Temperature dependent a-axis reflectivity spectra 
(left panels) in the optimally doped region for (a) x = and 
(b) x = 0.11. Right panels show the corresponding optical 
conductivity spectra. Solid symbols show the dc conductivity 
values for 300 K. 



state and the suppression of the conductivity with the 
superconducting transition can be seen as expected. The 
mid-infrared absorption due to disordered chains 

[Hill 

between ~ 1000 cm -1 and ~ 3000 cm -1 is shifting to- 
wards lower frequencies with overdoping. The 6-axis con- 
ductivity values are higher than the a-axis values (Figs. 
[S{c) and (f)), which indicates the chain contribution to 
the optical conductivity. 

The optical conductivity for the chain {a chain) is 
estimated by subtracting the a-axis conductivity (<7 la ) 
from the &-axis one (crib) as a 'chain — <J\b ~ <J\a- Fig- 
ures [7)^ a) and (b) show the chain conductivity in the op- 
timally doped and overdoped sample, respectively. The 
conductivity in the disordered chains will occur with the 
hopping mechanism [l||. On the other hand, for the 
highly ordered chain structure, a metallic behavior can 
be expected. As support for this idea, we can see the shift 
of the mid-infrared absorption to lower energies and the 
development of a Drude-like spectrum in the chain re- 
sponse of the highly oxygenated sample. Moreover, at 
10 K, a distinct suppression due to superconducting con- 
densation can be observed. So far, although the higher 
conductivity in the &-axis spectra has been considered 
to indicate the contribution of the chains to the elec- 
tronic conductivity, most of the reported chain spectra 
showed neither a Drude-like profile nor a superconduct- 
ing response. Figure [7] demonstrates that with decreas- 
ing oxygen deficiency, the chains contribute to the su- 
perfluid density, as well. The superfluid response of the 
intrinsically metallic CuO chains would be the result of 
the proximity effect between chains and superconduct- 
ing Cu02 planes, which is theoretically predicted in Ref. 
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FIG. 6. Temperature dependent 6-axis reflectivity spectra for 
x = in the (a) optimally doped region and (d) overdoped 
region, (b) and (e) show the corresponding optical conduc- 
tivity spectra for (a) and (d), respectively, (c) and (f) show 
the a-axis and 6-axis optical conductivity in the room tem- 
perature. Solid symbols show the dc conductivity values at 
300 K. 



20. Although the missing area in the chain conductivity 
spectrum was reported for the oxygen deficient Y-123 in 
Rcf. 21, we observed such a superconducting response 
only in the highly oxygenated Y-123. 

Another possible source of the anisotropy of an — o\ a 
may be the stripe effect within the CuC>2 plane. A 
clear in-plane anisotropy was observed in the spectra of 
lightly doped La 2 _ :E Sr 2 Cu04 [HI and YBa 2 Cu 3 J/ [H, 
which was attributed to the nematic nature of the charge 
stripes. In Y-123, the CuO chain is supposed to play a 
role in alignment of the stripes, while it has almost no di- 
rect contribution to the conductivity. Compared to this 
data for the underdoped Y-123 (23[, the magnitude of the 
difference o\b — o\ a is very large in the present result, 
which indicates a huge contribution of the CuO chain to 
the 6-axis conductivity. Therefore, we believe that the 
anisotropy observed in this study is mainly caused by 
the CuO chain conductivity and the effect of the stripes, 
even if it exists, is much weaker than the chain conduc- 
tivity. 



DISCUSSIONS 

It is possible to calculate the superfluid density with 
two different methods. The first method is through the 
missing area of the a-axis optical conductivity. We calcu- 
lated the missing area, A 



f 10000r , x / 1,, 



J100 

c 2 /8A 2 = 4irn s e 2 /m* , using only reliable data down to 
100 cm -1 for all the samples. Here, the spectra at 100 K 
and 10 K were used for <ri n (w) and ai s (uj), respectively. 
The obtained values for A^ 2 (~ w 2 ,,) are plotted in Fig. [5] 
as a function of the doping level (p). The second method 
is estimation from the imaginary part of the conductiv- 
ity: <T 2( W ), which is equal to w 2 s /47rw at cj <C 2 A. The 
values obtained by the two methods are in good agree- 
ment with each other within the error bars in Fig. [5] The 
\l value for the optimally doped Ca-free sample was de- 
termined as 1520 A. This value is consistent with the 
reported data dUl]. In Fig. 1 we see a systematic de- 
crease in superfluid density (n s /m*) with increasing p as 
well as with increasing Ca-concentration. Although there 
is an effect from Ca-substitution, as we showed in previ- 
ous section, it is demonstrated that carrier ovcrdoping is 
also an effective factor. Distinguishing the Ca-disordcr 
effect from the overdoping effect, we can conclude that 
unpaired carriers are intrinsically induced by overdoping. 
The decrease of A£ 2 with overdoping was also observed 
in muon spin rotation (fiSR) measurements for T12201 
25 . 2o| and Ca-doped Y-123 [2^| . which suggests an elec- 
tronic inhomogeneity in these systems. 

Scanning tunnelling microscopy (STM) studies re- 
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vealed nanoscale spatial variations in the electronic state 
of the overdoped Bi 2 Sr 2 Cu20 y H, 2^, contrary to many 
models of high temperature superconductors that con- 
sider electronically homogeneous systems. The increase 
of normal carriers in the superconducting state in the 
overdoped regime with increasing carrier density is also 
suggested by other methods. The loss of the specific 
heat anomaly and the increase in the zero-temperature 
specific heat coefficient [7(0)] for (La,Sr)2CuC>4 and 
TlSr2CaCu207_a indicate the strong increase of unpaired 
carriers in the overdoped region [30[. In NMR measure- 
ments, the T-linear dependence of the nuclear spin-lattice 
relaxation rate (1/Ti) was observed at low temperatures 
in overdoped TlSr2CaCu207_5, which was interpreted 
to reflect the existence of the residual density of states 
at the Fermi level, suggesting gapless superconductivity 
31] . Moreover, recently the decrease of the Meissner vol- 
ume fraction was observed on field cooling of the mag- 
netic susceptibility measurements [32j. This indicates a 
decrease in superconducting carrier density due to the 
phase separation in the overdoped (La,Sr)2Cu04. 

Finally, we discuss the Ca-substitution effects on the 
scattering rate. The o-axis scattering rate was calculated 



by using the equation, \/t(uj) = w^/Ait ■ Re(l/er(w)), as 
shown in Fig. |9] The uj p values are determined with the 
Ferrell-Glover-Tinkham (FGT) sum rule by integration 
up to u = 10000 cm" 1 as - 1.66 x 10 4 cm -1 , ~ 1.69 x 10 4 
cm" 1 , - 1.92 x 10 4 cm" 1 , and - 2.29 x 10 4 cm" 1 for 
a: = 0,x = 0.11 (optimally doped), x — 0.11 (overdoped), 
and x = 0.16, respectively. For the optimally doped sam- 
ple with x = (Fig. Eta)), the normal state scattering 
rates show an almost linear increase with oj up to ~ 3000 
cm . At the superconducting transition, a clear bump 
is formed around ~ 1000 cm -1 and the low u> scattering 



rate is completely suppressed. This superconductivity- 
induced feature is getting weaker with Ca-substitution, 
as is expected from Fig. [5j 

When the doping level is further increased, several 
changes are observed. First, the bump around ~ 1000 
cm -1 vanishes gradually with the increasing doping level 
and the T-independent high frequency part becomes In- 
dependent (Figs. M,c) and (d)). The disappearance of the 
bump feature is not only due to Ca-substitution but also 
due to overdoping (comparison of Figs. |9jb) and (c)). 
The second noticeable change is the decrease in scatter- 
ing rate in spite of the increase of Ca-disorder. It is con- 
sidered that the carrier doping effect overcomes the effect 
of disorder. Thirdly, the w-dependence changes from ui- 



linear towards 



behavior. The latter is an indication 



of the Fermi liquid nature of the system. For the heavily 
overdoped region a small upturn is also observed below 
500 cm -1 in Fig. Efd), which becomes stronger with de- 
creasing temperature. A similar behavior observed in the 
heavily overdoped region is discussed in detail for Bi2212 
[33| and T12201 7] systems. The upturn of the low en- 
ergy scattering rate usually explained by the charge local- 
ization induced by impurity in disorder introduced sys- 
tems or by local disordered octahedral distortion for the 
T12201 system. 

The other important finding in Fig. [H] is that the scat- 
tering rate is insensitive to Ca-concentration. It is seen 
when we compare the spectra for the same doping level 
(See Figs. [9ja) and (b)). The Ca- insensitive behavior 
was also observed in the conductivity spectra and the dc 
conductivity values in Fig. [5] These facts imply that the 
Ca atoms in the Y-layer do not act as strong scattering 
centers for the carriers in the Cu02 planes. The effect of 
disorders in the blocking layers was intensively discussed 
in terms of a weak scattering center in ref. 34. The Ca- 
substitution in the present system is considered to give a 
similar weak scattering effect. 

This weak scattering is in sharp contrast to the strong 
scattering due to the in-plane disorder such as in Zn. Zn 
is a well-known impurity which causes pair-breaking in 
a d-wave superconductor. The strong Zn-effect can be 
seen in the radical reduction of superfluid density in Fig. 
[SI where the XJ 2 estimated from the optical spectrum 
of Zn-substituted Y-123 (Y-123(Zn)) is also plotted 0. 
Although T c values are almost the same (87K and 85K) 
in optimally doped Y/Ca-123 and Y-123(Zn), the super- 
fluid density is much smaller in Y-123(Zn) than in Y/Ca- 
123. Therefore, in the case of Ca-substitution, the T c - 
suppression accompanied with the reduction in superfluid 
density and with the increase in unpaired carriers must 
be distinguished from the usual impurity pair-breaking in 
a d-wave superconductor. We need another mechanism 
to explain the T c suppression without increasing residual 
resistivity. It should give the answer for the problem of 
the blocking layer effect on T c . 
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FIG. 9. Temperature dependent a-axis optical scattering rate 
in the optimally doped region for (a) x = and (b) x — 0.11 
and in the overdoped region for (c) x — 0.11, and (d) x = 0.16. 



CONCLUSIONS 

We performed temperature dependent mea- 
surements of in-plane reflectivity on detwinned 
Yi_ a; Ca 2 ;B2Cu307-5 single crystals with various 
Ca and oxygen concentrations. In the heavily overdoped 
region, despite a small suppression of the optical con- 



ductivity, a clear superconducting gap feature could not 
be observed because of the huge residual conductivity. 
The comparison of the spectra between optimally 
doped and heavily overdoped samples with the same 
Ca-contents showed that the residual conductivity 
increases with carrier-overdoping. Since we successfully 
removed the Ca-disorder effect in the experiment, we 
conclude that the increase of residual conductivity is 
an intrinsic property of the high temperature cuprate 
superconductors . 

We also compared the Ca-substituted and Ca-free sam- 
ples at the fixed doping level (p = 0.16) to observe the 
Ca-substitution effect on the residual conductivity. As 
a result, we found that the disorder effect due to Ca- 
substitution also causes the increase of the residual con- 
ductivity. 

Most of the 6-axis spectra are characterized by the 
mid-infrared absorption due to hopping conduction in 
the chain in addition to the plane response. Only for 
the heavily oxygenated Ca-free Y-123 sample, where the 
one-dimensional chain structure shows a highly ordered 
structure, the chain itself shows a suppression of conduc- 
tivity below T c . A possible reason for the superconduct- 
ing chain behavior would be the proximity coupling ef- 
fect of the chains with two-dimensional superconducting 
Cu0 2 planes. 
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